In this article, a novel range-free localization algorithm is proposed based on the modified expected hop progress for heterogeneous wireless sensor networks where all nodes' communication ranges are different. First, we construct the new cumulative distribution function expression of expected hop progress to reduce the computational complexity. Then, the elliptical distance correction method is used to improve the accuracy of the estimation distance and simultaneously decrease overhead. Finally, using the modified distance, the coordinate of the unknown node can be obtained by maximum likelihood estimation. Compared with other algorithms for heterogeneous wireless sensor network, the proposed algorithm is superior in the localization accuracy and efficiency when used in random and uniform placement of nodes.
Introduction
Wireless sensor network (WSN) comprises many sensors randomly/spatially distributed over a certain area with the purpose of monitoring a spatial physical phenomenon, tracking and locating mobile targets. [1] [2] [3] [4] WSN has attracted keen attentions in various applications due to their densely distributed, self-adaption, lost-cost, and possibly heterogeneous sensors. Some researchers have made in-depth researches on WSN and have applied some new methods such as neural network, Laplacian eigenmap, and Bayesian method to solve the problems existing in WSNs. [5] [6] [7] According to the way of information processing, the WSN can be divided into the distributed algorithm and centralized algorithm. With the purpose of monitoring and controlling, the algorithm data should be collected and processed in the data center. Therefore, most of the centralized algorithms with high precision are used. However, the centralized algorithm has the disadvantage of large calculation quantity. 8 In the distributed algorithm, signal processing is advantageous in terms of scalability to sensor networks, so this article mainly studies the distributed WSN. 9, 10 The localization information of sensor nodes is very critical to the performance of WSN. In recent years, a wide variety of localization methods have been proposed, according to the diverse application requirements which can be roughly divided into two types: range based and range free, based on whether or not the network needs to measure the actual distances between nodes. Range-based algorithms, such as the received signal strength indication (RSSI), 11 time difference of arrival (TDOA), 12 and angle of arrival (AOA) 13 , exploit the measurements of angle and distance. Then, the location of the unknown nodes (UNs) can be calculated by the trilateral measurement method and triangulation method. Therefore, it needs extra hardware supporting, large computing, and communicating with high costs. The range-free algorithms are based on hop count information to estimate the distance between anchor nodes (ANs) and UNs without any extra hardware supporting. It includes distance vector hop (DV-Hop), 14 Amorphous, 15 localization using expected hop progress (LAEP), 16 and so on. However, most existing range-free algorithms are based on the unrealistic assumption that all nodes have the same communication radius, that is, WSN is homogeneous. In fact, heterogeneity problem of WSN commonly exists in practical application since sensors are designed using various technologies to achieve different tasks, and their sensing as well as communication capabilities are commonly different. Thus, the approaches, which assume the same communication capability throughout the network, make the localization accuracy poor in heterogeneous wireless sensor networks (HWSNs) and are unsuitable for such networks. The expected hop progress (EHP) algorithm for the HWSN localization is proposed. 17 The algorithm depends not only on the communication radius of ANs but also on the communication radius of intermediate nodes (INs) using those radii that are closer to a real Euclidean distance generated by any two selected nodes. However, its conditional cumulative distribution function (CDF) has high computing complexity. To solve the problem, Assaf et al. 18 presented a modified EHP algorithm by redefining new CDF. This approach achieves satisfactory localization results and shows remarkable communication performance for HWSN, but compared with the original EHP, the algorithm has additional overhead and energy consumption because it needs some training before redefining CDF. To the best of our knowledge, there are very few sufficient and efficacious algorithms in HWSN localization. However, to further improve the estimation distance or localization accuracy, researchers have proposed various correction methods such as residual correction method, weighted least squares (WLS), and weighted centroid method. However, these correction methods either increase computations due to multiple iterations such as Assaf et al. 17, 19 or assume that all nodes have the same communication radius. Therefore, up to now, no method can obtain the satisfying localization results for HWSN.
To solve those problems, in this article, by defining CDF as Poisson distribution and an elliptical distance, a novel range-free localization algorithm is proposed based on EHP for HWSN where all nodes' communication ranges are different. First, we assume that the degree of irregularity (DOI) of the communication radius is equal to zero, that is, transmission coverage of each node is circular. And there is no path loss in the communication process. Then, the new CDF is defined as Poisson distribution to reduce the computational complexity. Finally, we propose an elliptical distance correction method to calculate the distance between nodes and use maximum likelihood estimation (MLE) method to compute the UN location information without increasing overhead.
The remainder of this article is organized as follows: In section ''Network model,'' we elaborate the localization model of HWSN in the two-dimensional (2D) space and introduce hop progress model for different communication ranges and node densities. Section ''The proposed algorithm'' describes the proposed localization algorithm and distance correction method in HWSN. Experimental results analysis is given in section ''Experimental results and analysis.'' We finally conclude this article in section ''Conclusion.'' Network model Figure 1 illustrates the HWSN scenario of N sensor nodes randomly and uniformly deployed in a 2D square area S = L 3 L, where all sensors are of the different communication radius. It is also assumed that a few special sensors commonly known as ANs, which are marked with red asterisks, are aware of their positions. UNs marked with red circles are oblivious to this information and need to obtain their positions by ANs. The link between any two nodes represents one hop, which is able to reach or communicate with other sensors. Clearly, partial connectivity among sensors is present, and distance estimates between unknown sensors and anchors might be multiple hops.
In a multihop range-based HWSN localization, the goal is to estimate the location of all unknown sensors using sensors with known locations and partial information of the distances between some pair of sensors. 20 To keep the generality, we suppose that the i-th AN broadcasts data packet containing its position and communication radius in a densely distributed HWSN. Then, the j-th UN receives the data packet through multihop communication. For the sake of simplicity, we exploit the shortest path method to obtain the distance between sensor nodes as
denotes the distance between ANs (INs) and INs (UNs). Unlike previous homogeneous algorithms, the hop distance of IN possesses huge discrepancy due to the different sensor communication radii, as shown in Figure 2 . It makes the distance estimation far from actual distance. To solve this problem, the minimum mean square error (MMSE) distance estimation method is given as followŝ
where k m denotes m-th
, and
, and the last-hop distance d E k m Àj , respectively. Therefore, the formula for calculating the measure distancesd iÀj between ANs and UNs iŝ
where H is the minimum number of hops between ANs and UNs. d E iÀj denotes EHP with only one hop. In the next section, the novel method is developed to accurately derive the expressions of both distance estimation and distance correction.
If we consider that UNs have the capacity to receive the information from ANs for distance estimation, then each unknown sensor would estimate its own location using distance estimates and absolute positions to at least three anchors by MLE method.
Notations are as follows: i, k, and j indicate ANs, INs, and UNs, respectively. Similarly, r i , r k , and r j correspond to their communication radius, respectively. N, N a , and N u represent the number of all nodes, ANs, and UNs, respectively. l is node density. area(i, r i ) is the i-th node's coverage area having the i-th sensor as a center and r i as a circle of radius.
The proposed algorithm
Equation (2) shows that in order to obtain the estimate distance, four distance formulae need to be derived, that is, first-hop distance d
, and the last-hop distance d For the sake of clarity, this article is only to discuss the two-hop distance, in what follows, we denote by X, Y, and Z the random variables that represent d iÀj , d kÀj , and d iÀk , respectively. Then, the probabilistic distribution mode for HWSN is developed using the conditional CDF F ZjX (z) = P(Z zjx) of Z with respect to the random variable X.
First-hop and intermediate-hop distance derivation
As can be seen from Figure 3 , Z z is guaranteed only if there are no nodes in the dashed area A. Therefore, the conditional CDF can be defined as follows 21 F ZjX z ð Þ = P Z zjx ð Þ= P A 0 ð Þ ð3Þ where P(A 0 ) is the probability of the event A 0 and A 0 indicates no nodes in the dashed area A. Let Q be the potential forwarding area wherein k-th node communicates directly with the j-th node. Meanwhile, i-th node can indirectly transmit information to j-th node through INs k in area Q. Then, Q, which relies on both r i and r k , is given by
And, the probability of K nodes in area A follows binomial distribution X ;B(N , p) where p = A=S. For relatively large N and small p, B(N , p) can be accurately approximated by a Poisson distribution. Therefore, for relatively large N and small p, we have
where
Exploiting some geometrical properties and trigonometric transformations, A is given by
where u = arccos ((r
. Combined with the above analysis, the EHP between i-th and k 1 -th can be derived as follows
where m = x À r k 1 and f X (x) = 1=r k 1 is the probability density function (pdf) of X. Therefore, the pdf is determined when the IN is determined
Last-hop distance derivation
By definition, equation (8) In a densely distributed HWSN, the shortest multihop path is likely to exist for any pair of the sensors. Thed iÀj between i-th and j-th nodes can be derived by the proposed method of distance estimation. Unfortunately, with the decrease in node density l, connectivity drops rapidly, thereby leading to unreliable distance estimation. In addition, the method adopts multihop distance instead of straight-line distance, which generates greater error.
Ellipse correction scheme
Traditional distance correction methods utilize mostly weighted distance, which cannot be directly applied to heterogeneous networks. To alleviate the abovementioned problem, we note that localization accuracy is mainly dependent on two key points: (1) distance computing between ANs and UNs and (2) sensor node location estimation method, such as trilateration, triangulation, and MLE. Position correction method has been proposed via exploiting residual correction method in Assaf and colleagues, 17, 18, 21 which greatly increases the computational complexity because of iteration computations. To avoid the excessive iterations, enlightened by Sivanageswararao et al. 22 and Golestanian and Poellabauer, 23 we propose a novel distance correction method, which can adapt to the heterogeneous nature of WSNs without adding any overhead, based on elliptic properties.
As shown in Figure 2 , multihop paths between i-th AN and j-th UN have links with different lengths. The shape of multihop paths is similar to ellipse. Hence, we present the possible multihop paths between the nodes in the shape of ellipses with a large diameter of 2a and a small diameter of 2b, as illustrated in Figure 4 . 23 Ellipse perimeter formula, by conventional approximation, can be written as follows
The purpose of distance correction is to obtain the straight-line distance from node i to node j, that is, elliptical major axis. Thus, equation (10) can be seen as follows
where 2a is elliptical major axis, L=2 is half of the ellipse circumference, and b is the semi-short axis of ellipse. As seen from Figures 2 and 4 , the semi-short axis in the multihop HWSN gradually decreases with the decrease in hop counts n hop . To determine the value of b, we utilize n hop i, j instead of b. On the other side, compared with the traditional multihop distance correction expressions in homogeneous WSN, elliptical major axis 2a and semi-perimeter L=2 indicate the real distance d iÀj and the estimation distanced iÀj in equation (11), respectively. Meanwhile, the second part of the equation (i.e.
(2 À p)b) is the correction distance, in which the coefficient of b is regarded as a modifying factor. Since the modifying factor is varied in HWSN, the coefficient of b is represented by symbol h. Therefore, equation (11) can be written as follows
Unfortunately, we have only knowledge of the path lengthd iÀj . The key to deriving the correction distance by equation (12) is to select an appropriate parameter h. According to the analysis of traditional distance correction process, a new calculation method of correction factor is developed for multihop HWSN. Exploiting the average hop distance of ANs, the expression of parameter h is as
in which
In equation (14), d i, j is the estimation error for any two ANs, namely, the difference between the real distance and the estimation distance. The main steps of our proposed algorithm are given in Algorithm 1.
Experimental results and analysis
In this section, to validate the performance of the proposed method, we will mainly compare our results with the results of Amorphous, 15 DV-Hop, 14 and LAEP, 16 in which their parameters are tuned for the sake of contrast under the same condition, as shown in Table 1 . In the simulation, sensor nodes randomly and uniformly deployed in a 2D square area S = 100 3 100 m 2 . We assume that the number of anchors N a is set to 20, and that the number of all nodes N is set to 100, 200,..., 500, 600. We always assume that the transmission 
Evaluation metrics definitions
In this article, we propose the evaluating indicator of localization algorithms, that is, mean distance error (MDE), distance estimation error (DER), and normalized root mean square error (NRMSE) defined by where (x j ,ŷ j ) is the estimation value of coordinates (x j , y j ) of the UN, r j is the communication radius of the j-th UN, and N u is the number of the UNs.
Transmission model
In this article, the DOI transmission model is used, and the specific formula is as follows
where P R (d) is the received signal power, P T = 0 À 4 dBm is the transmission signal power, s(2;4) = 4(indoor, outdoor) is the path loss exponent,
is the path loss for a reference distance of d 0 , d is the distance between the transmitter and the receiver, and K i is a coefficient to represent the difference in path loss in different directions and is calculated as follows
where DOI is the maximum path loss percentage variation per unit degree change in the direction of radio propagation. DOI model becomes the regular model (RM) when DOI equals zero. And the specific formula is as follows
All the experimental results are obtained on the premise that DOI equals to zero, that is, transmission coverage of each node is circular.
Comparing with classical methods Figure 5 depicts the localization MDE achieved by Amorphous, DV-Hop, LAEP, and the proposed algorithm for different node densities. As seen from Figure 5 , the proposed algorithm can adapt to low or high node density due to complying with the heterogeneous nature of the WSN. The performance of the proposed correction algorithm is optimal compared to others, especially for low node density. The comparison of DER distribution for different localization methods in HWSN is shown in Figure 6 . The simulation results shown in Figure 7 illustrate that the positioning error decreases as node density increases. This is mainly because the accuracy of the hop distance estimation is improved with the increase in node density. Specifically, the line chart of the proposed algorithm shows a major decline, and then a slow downtrend when node density is greater than 0.03. And the positioning error of the proposed algorithm is less than LAEP under various node densities. Furthermore, the proposed modified algorithm obviously improves the performance of the proposed algorithm and its accuracy and, therefore, provides a better adaptability of nodes-density-variety, especially for sparse networks.
To confirm the feasibility of the proposed algorithm, we also made some experiments, mainly on the variety in the communication radius and the number of ANs. Figure 8 shows the NRMSE of five algorithms under the condition that the communication radius of UNs ranges from 6 to 30 m, the transmission capability of ANs is set to 22 m, and the remaining initial conditions remain unchanged. Figure 9 plots the localization NRMSE versus number of ANs in HWSN. As seen from Figure 9 , the positioning error reduces as the number of ANs increases. A comparison of the results from Figures 7 to 9 indicates that it is important to reasonably determine the communication radius of ANs for improving the location accuracy.
Generally, the result of MATLAB simulation proves the feasibility of the proposed algorithm. The proposed algorithm not only has less error than other algorithms in dense HWSN but also can be utilized in a sparsely distributed HWSN. Moreover, its correction algorithm is proposed to solve the constraint of low node density. 
Conclusion
In this article, a novel range-free localization algorithm is proposed for the HWSN. Furthermore, a distance correction mechanism which complies with the heterogeneous nature of WSNs is developed to improve localization accuracy without incurring additional costs. Our algorithm, whether applied with or without correction, outperforms the state-of-the-art range-free ones in terms of localization accuracy and adaptability to HWSN.
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